Abstract. Alzheimer's disease (AD) is rapidly reaching epidemic status among a burgeoning aging population. Much evidence suggests the toxicity of this amyloid disease is most influenced by the formation of soluble oligomeric forms of amyloid β-protein, particularly the 42-residue alloform (Aβ42). Developing potential therapeutics in a directed, streamlined approach to treating this disease is necessary. Here we utilize the joint pharmacophore space (JPS) model to design a new molecule [AC0107] incorporating structural characteristics of known Aβ inhibitors, blood-brain barrier permeability, and limited toxicity. To test the molecule's efficacy experimentally, we employed ion mobility mass spectrometry (IM-MS) to discover [AC0107] inhibits the formation of the toxic Aβ42 dodecamer at both high (1:10) and equimolar concentrations of inhibitor. Atomic force microscopy (AFM) experiments reveal that [AC0107] prevents further aggregation of Aβ42, destabilizes preformed fibrils, and reverses Aβ42 aggregation. This trend continues for long-term interaction times of 2 days until only small aggregates remain with virtually no fibrils or higher order oligomers surviving. Pairing JPS with IM-MS and AFM presents a powerful and effective first step for AD drug development.
Introduction
A lzheimer's disease (AD) is the most common neurodegenerative disorder. The economic cost of care in the USA is projected to be $1.1 trillion per year by 2050, which is nearly a 4-fold increase over estimates for 2017 [1] , and this cost does not include the millions of voluntary caregivers. The cause of AD is not fully understood and there is neither a cure nor therapy to slow the progress of the disease.
AD is correlated unequivocally post-mortem by the presence of intracellular neurofibrillary tangles of hyperphosphorylated tau protein as well as extracellular amyloid plaques in the brain. These plaques are composed of proteinaceous fragments of the neuronal transmembrane amyloid precursor protein (APP). There is increasing evidence that these fragments, collectively referred to as amyloid-beta (Aβ), are central to AD pathology, including inducing aberrant tau morphology [2] [3] [4] . Aβ is formed when APP is proteolytically cleaved by a series of secretases, leaving behind peptides primarily 40 and 42 residues in length, Aβ40 and Aβ42, respectively [5, 6] . Both alloforms self-associate in the extracellular space and form soluble oligomers that aggregate into insoluble amyloid fibrils. Interestingly, Aβ42 is ten times less prevalent in the brain than Aβ40, but is more fibrillogenic, much more toxic, and makes up the bulk of the amyloid plaques observed with AD [7] [8] [9] [10] [11] [12] . A study of transgenic 3xTg-AD mice noted that significant extracellular accumulation of β-sheet-rich Aβ corresponded to appreciable intracellular uptake of Aβ along with cognitive deficits [12] . A neuroblastoma cell study of Aβ42 aggregation on the plasma membrane produced an analogous observation of increased cytotoxicity with internalization of Aβ42 aggregates in the intracellular domain [13] . Although large assemblies could be responsible, in part, to neurodegeneration in later stages of AD, a high plaque burden in the brain does not directly correlate with greater cognitive deficits [14] [15] [16] . Aβ fibrils may indeed be a kind of neuroprotective sink in the aggregation pathway compared to the penultimate, toxic soluble oligomers [17, 18] .
Fibril morphology and aggregation mechanisms are quite different for Aβ40 and Aβ42, despite both having identical sequences save for Aβ42's two additional C-terminal residues as shown in Scheme 1.
Aβ40 aggregation has been shown to terminate at tetramer, before going on to slowly form fibrils, but Aβ42 has growth out to dodecamer [19, 20] . A 56-kDA Aβ assembly linked to memory deficits in transgenic mice, and isolated in human cerebrospinal fluid, corresponds to the molecular weight of the Aβ42 dodecamer [9, 10, 17] . While the fibrils of Aβ42 are a significant neuropathological event in AD, atomic force microscopy (AFM) experiments showed the dodecamer of Aβ42 is vital for the initiation and seeding of fibril growth [21] . Hence, the dodecamer of Aβ42 plays a central role in AD and the inhibition of this soluble dodecamer species is key in preventing its inherent toxicity as well as subsequent pathological aspects of AD downstream.
Efforts to develop therapeutics to decrease or stop overall Aβ production by limiting secretase activity have proven unmanageable. As is typical for proteins, γ-secretase has important biological functions other than forming the Cterminus of Aβ, so altering its activity leads to reduction of neuronal calcium signaling, a decrease in lymphocyte production, and affects intestinal goblet cell differentiation [22] [23] [24] . β-Secretase, which cleaves APP to form the Nterminus of Aβ, has a large catalytic pocket that would require an inhibitor too large to effectively pass the bloodbrain barrier [25] . Another strategy has been to upregulate Aβ clearance mechanisms through immunotherapy, but the development of meningoencephalitis, Aβ antibody-induced cerebral hemorrhages in transgenic mice and human trials [26] [27] [28] , small population datasets, and very few completed phase III drug studies for immunotherapeutics has prevented significant progress [29] . Further, removing Aβ could impair neuroprotective properties of Aβ40 and inherent amounts of Aβ in the hippocampus [30] [31] [32] [33] , suggesting that oligomeric forms of Aβ are a more amenable target for AD therapeutics.
Many compounds are known to inhibit Aβ oligomeric growth and fibril formation [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] but finding a potential therapeutic drug with biological efficacy is extremely challenging. Currently, only a handful of drugs are FDA approved to treat AD and even fewer to treat all stages of it. One underlying factor slowing the development of therapeutics is that the detailed mechanism of AD pathology is not known. Consequently most efforts only aim to address symptoms of the disease to make it more manageable. Three immediate concerns with prospective anti-amyloid therapeutics are the compounds' ability to pass the blood-brain barrier, toxicity to other bodily systems, and Aβ42 specificity. It is therefore of keen interest to find a directed approach for screening potential inhibitors of pre-fibril amyloid aggregation that also incorporate these concerns before the long and expensive processes of drug trials are initiated.
Utilization of the joint pharmacophore space (JPS) model [47, 48] to find potential therapeutics provides an in silico, first step in the drug discovery process. By accessing data on millions of compounds from cell-based assays, a database can be constructed for any attribute of a compound and then overlap those results with any number of other qualities from other assays. A machine-learning algorithm then constructs a list of compounds ranked by probabilistic methods for the most positive hits for all the qualities desired. Because the detailed mechanism of AD is not understood, it is important to emphasize that this approach does not single out one particular biological target. It takes into account a compound's overall geometry of functional groups relative to other structural characteristics that have satisfied bloodbrain permeability, low toxicity, and interaction with Aβ42 with no specific target in mind. Using these criteria, JPS can design new compounds that are more likely to have a directed impact on pathological aspects of AD.
To test this process experimentally, we have employed ion mobility mass spectrometry (IM-MS) and AFM to study the effect one high-scoring JPS generated compound [AC0107] (Scheme 2) has on Aβ42 assembly as well as its ability to remodel pre-formed Aβ42 fibrils.
Methods

Ion Mobility Mass Spectrometry Experiments
Aβ42 wild-type peptides were synthesized by FMOC chemistry, purified by reverse-phase HPLC, verified through mass spectrometry and amino acid analysis as previously described [49] , and lyophilized. Bulk peptides were subsequently dissolved in hexafluoroisopropanol (Sigma-Aldrich, St. Louis), aliquoted to individual vials, lyophilized again, and stored at − 20°C. Prior to ion mobility experiments, peptides were solvated with 10 mM ammonium acetate buffer (pH 7.4) to a final peptide concentration of 10 μM. To prevent rapid aggregation and to increase ion signal, samples were kept on ice for the duration of the study. To study the effect of the inhibitor on Aβ42 assembly, mass spectra and arrival time distributions (ATDs) were collected first of Aβ42 alone and then inhibitor ([AC0107] provided by Acelot, Inc.) was added to the same solution to form a 1:10 peptide:inhibitor concentration ratio and the data was collected again. The same recovery experiment was carried out for a 1:1 concentration ratio as well. Incubation times indicate the time after solvation of Aβ42 at which signal was acquired during repeat experiments.
All ion mobility and mass spectrometry experiments were performed on a home-built electrospray ionization ion mobility mass spectrometer [50] . To acquire a mass spectrum, ions are generated via an applied potential difference between a goldcoated nanoelectrospray glass capillary tip and the capillary inlet of the mass spectrometer. The ions then travel through an ion funnel and are then injected into a 4.503-cm drift cell filled with~3.5 Torr helium. Upon leaving the drift cell, ions are mass analyzed by a quadrupole mass filter and detected by a conversion dynode and channel electron multiplier.
For mobility experiments, ions are stored in the ion funnel and then pulsed at regular intervals into the drift cell at low energy. Once inside, ions travel through a helium buffer gas under the influence of a weak, homogeneous electric field, E. The ions quickly come to thermal equilibrium and reach a constant drift velocity, v d . Higher order oligomers have more charge and more compact component monomer cross-sections than those of a lower order and travel more quickly through the drift cell at constant pressure. The mobility is obtained from Eq. (1):
The ion mobility is dependent on both pressure and temperature and is converted to its reduced form:
with pressure P in Torr and temperature T in Kelvin.
The reduced mobility is determined by plotting the arrival time versus P/V ratio, where V is the voltage across the cell. The arrival time t a is given in Eq. (3):
where L is the drift cell length and t 0 the time the ions spend outside the drift cell before reaching the detector.
After leaving the drift cell, ions are mass-selected and detected as a function of the arrival time to produce an arrival time distribution (ATD). An ion's mobility is related to its collision cross-section σ as shown in Eq. (4) [51] :
where μ is the reduced mass of the ion and helium buffer gas, k the Boltzmann constant, e the charge of the ion, and N 0 the buffer gas density.
AFM Experiments
Samples were prepared for AFM experiments by depositing 50 μL of 10 μM Aβ42 prepared in a 10 mM ammonium acetate buffer with the stated concentration of inhibitor onto freshly cleaved V1-grade mica (TedPella, Redding, CA) and dried in a desiccator. Tapping-mode AFM images were acquired from the dried samples in air using an MFP-3D Atomic Force Microscope (Asylum Research, Goleta, CA). High-resolution silicon probe tips with a tip radius of 1 nm, a cantilever spring constant of 7 N/m, and a resonant frequency of 155 kHz (MikroMasch USA, Lady's Island, SC) were used to acquire the AFM images. All AFM images were collected in the repulsive force regime.
JPS In Silico Model
To train the JPS, a collection of 30 known Aβ inhibitors [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] were used to better recognize chemical topologies necessary for Aβ inhibition. With the JPS trained, the ZINC collection [52] was screened for compounds that incorporated structures more likely to inhibit Aβ self-assembly that also exhibited blood-brain barrier (BBB) permeability and minimal toxicity. A shortlist of compounds was populated and then subjected to Caco-2 and hERG assays to give preliminary BBB permeability and toxicity information. The remaining compounds were subjected to a sensitive trafficking assay [53, 54] to test their ability to inhibit membrane trafficking of Aβ.
[AC0107] is the first of the JPS-generated compounds to be tested experimentally.
Results and Discussion
IM-MS Experiments
Three peaks are present in the mass spectrum for Aβ42 wt alone: an electrospray-induced, monomer charge state z/n = −4, a monomer solution state z/n = −3, and an oligomer peak at z/n = −5/2 ( Figure 1a ) (all monomer z/n data is provided in the Supporting Information). Upon addition of the inhibitor, the same charge states are observed, with no complex peak formation for either 1:10 or 1:1 concentrations (Figure 1b, c) . Even though there is no apparent binding of the inhibitor to Aβ42 in the mass spectrum, the ATD of the −5/2 peak is very different (Figure 1d-h) . Prior to addition of inhibitor, we observe the same oligomeric structures previously assigned as dimer, tetramer, hexamer, decamer, and dodecamer (n = 2, 4, 6, 10, and 12, respectively) [19, 20] . After 1 h co-incubation with 1:10 inhibitor, the decamer and dodecamer ATD features are essentially eliminated.
At 1 h, the hexamer peak is also significantly diminished with the tetramer and dimer features unchanged. At 24 h 1:10 co-incubation, the dodecamer disappears completely with oligomerization up to hexamer still present.
The same set of experiments were performed at a lower 1:1 Aβ42:[AC0107] ratio (Figure 1c, f, h) . After 1 h co-incubation under these conditions, all oligomers of order n > 6 are completely inhibited. At 24 h 1:1 co-incubation, there is an increase in hexamer and decrease in dimer relative to the tetramer feature, but the dodecamer peak is still absent indicating [AC0107] prevents the dodecamer from forming.
We observe similar Aβ42 wt monomer cross-sections as previously published [19, 55, 56] both with and without the inhibitor (Table 1 ). This indicates that introduction of [AC0107] does not affect Aβ42 native monomer structure in our experiments (Fig. S1, S2) . 
AFM Experiments
Atomic force microscopy (AFM) was utilized to study the effect of the inhibitor on the formation of larger scale aggregates and to determine the effect it may have on pre-formed aggregates and fibrils. A 50 μL aliquot of 10 μM Aβ42 solution in 10 mM ammonium acetate was removed and drop-cast onto a mica disc, dried at ambient conditions in a desiccator, and imaged. It takes approximately 5 min to prepare the peptide and for the disc to dry, making it the earliest time Aβ42 aggregation can be observed. After 5 min incubation, large globular aggregates have formed but few fibrils are observed (Figure 2a) . By 30 min, fibril features emerge along with higher order oligomers (heights of 2-6 nm) (Figure 2b ). After 60 min, the trend toward higher fibril content and larger oligomers continues (Figure 2c ). The rapid formation of plentiful fibrils and globular aggregates is consistent with AFM studies at high concentration [57] . Particle height distributions (Fig. S3) show quantitatively what is shown visually in the AFM topography images. Over time, the ratio of higher order oligomers to lower order oligomers (particle heights less than 1 nm) increases with an overall decrease in the number of particles present. This can be attributed to smaller oligomers converting into larger ones and larger oligomers going on to form fibrils. Data for a 10-fold excess of inhibitor added to the same solution of pre-incubated Aβ42 are shown in Figure 2d -f. After 5 min with [AC0107], the AFM image (Figure 2d ) is morphologically similar to Aβ42 alone at 60 min, but by 30 min coincubation, there is a massive shift toward small oligomeric structures relative to large aggregates (Figure 2e ) and after 60 min a peptide film is observed on the mica disc and few fibrils and distinct oligomeric features persist (Figure 2f) .
The same AFM experiment was repeated at a lower 1:1 Aβ42:[AC0107] concentration ratio. After 5 min of coincubation with the inhibitor, the pre-formed fibrils are still well established but by 30 min fibrils are diminished, indicating that [AC0107] is still effective at interrupting Aβ42 selfassembly at low concentrations (Figure 2h ). The particle height distribution for the 30-min image results in a surprising decrease in low-order oligomers (heights less than 1 nm) relative to higher order ones. What is likely happening is the disaggregating effect of [AC0107] continues but lower order oligomers self-associate into a film with higher order structures depositing on top of them, showing an apparent decrease in lower order oligomers. These trends are sustained for the 60-min image (Figure 2i ) with the continued breakup of pre-formed fibrils and the decrease in apparent number of lower order oligomers, both in support of [AC0107] as an effective inhibitor of Aβ aggregation.
Interpretation of AFM phase imaging sheds light on compositional characteristics of deposited material on the mica surface. Phase shifts of the oscillating cantilever as the AFM probe scans the features on the mica surface provide information about the energy dissipation when the probe tip interacts with the sample. When the probe interacts with particles that are hard (i.e., more structured), less energy is dissipated resulting in a phase shift toward 90°relative to the background media of the image. When the probe interacts with particles that are soft (less structured), more energy is dissipated and the phase shifts away from 90°relative to the background media of the image. We will use this rationale as a measure of the internal order of the amyloid fibrils on the mica surface. Variance in phase signal is commonplace among different samples and probes, but the observed phase shifts relative to structures within the image are consistent [58] [59] [60] . Figure 3a -c shows phase images of Aβ42 incubated in solution for 5, 30, and 60 min, respectively. As expected, the axes of the fibrils smoothen and are hard (i.e., ordered) relative to the background indicating fibril stability increases over time. Fewer distinct oligomeric assemblies are present as fibrils grow and lengthen (Figure 3c ). Upon introduction of 1:1 inhibitor to the same solution, the fibril axis adopts a beads-on-a-string appearance, softens relative to the ordered fibrils, distinct oligomeric features become more represented, and the negative phase shift relative to the background has disappeared after the 60 min coincubation (Figure 3d-f) , similar to the peptide film observed at (Figure 2f ). Through our IM-MS experiments, we verified that higher order oligomer (Aβ42 dodecamer) formation is being disrupted in the presence of [AC0107] (Figure 1 ). Here we observe a phase shift from harder to softer structures, and given that there is no reason to believe that monomers and lower order oligomers would normally get softer over time, it is reasonable that the internal order of the fibrils is becoming less structured due to the presence of To assess the steady state of Aβ42 aggregation in the presence of the [AC0107], the two were pre-mixed and incubated for 24 and 48 h and analyzed by AFM. At 24 h, there is little to no discrete oligomeric structures present (Figure 4a ) though there are fully developed fibrils with 7 nm diameters, either alone or bundled together. This indicates that fibril formation is possible even in the presence of [AC0107] but it must occur by another pathway outside the dodecamer seeding mechanism [21] because dodecamer formation is completely inhibited shortly after addition of [AC0107] to Aβ42 solution as seen in our IM-MS experiments. Zooming in on both backgrounds of the 1:10 and 1:1 24 h images (Figure 4b , e, respectively), we can see a somewhat filamentous network of 1-nm tall structures, strikingly similar to what was observed with Aβ40 incubated at 30+ min [21] . At 48 h incubation with [AC0107], the fibril content is essentially zero for both 1:10 and 1:1 concentration ratios (Figure 4c, f, respectively) . Interestingly, even the peptide film observed at earlier time points has broken up into discrete aggregates.
Conclusions
Aβ42 adopts a planar hexamer ring structure that stacks on another hexamer to form the toxic, stacked dodecamer species [19] . Amyloid inhibitors are thought to interrupt π-π stacking of aromatic chains that contribute to β-sheet structure as aggregation progresses [61] [62] [63] 
